Introduction
Although most untreated HIV-infected persons will eventually experience a progressive loss of CD4 ϩ T cells, some maintain undetectable or low viral loads in the absence of antiretroviral medication and do not progress to AIDS. 1 These HIV controllers represent less than 5% of infected persons and are defined by their ability to maintain circulating virus loads at undetectable or very low levels. 2 Usually, but not always, controllers are also long-term nonprogressors, as defined by their ability to maintain normal CD4 ϩ T-cell counts and to remain clinically healthy for more than 10 years. 3, 4 At the opposite end of the spectrum, HIV-infected noncontrollers have sustained high viral loads (Ͼ 10 000 copies/ mL) and usually experience disease progression, as defined by the loss of circulating CD4 ϩ T cells and the development of AIDS.
The viral-host interactions and the correlates of immunity that prevent disease progression in most HIV controllers are poorly understood. Recent reports have shown that these persons (1) have a higher frequency of polyfunctional HIV-specific CD4 ϩ and CD8 ϩ T-cell responses in the peripheral blood and in gut-associated mucosal lymphoid tissues (GALT), [5] [6] [7] (2) present highly potent granzyme B-mediated cytolytic CD8 ϩ T-cell activity against HIV-infected CD4 ϩ T cells, 8 (3) display decreased expression of immunoregulatory receptors that negatively impact upon CD4 ϩ T-cell function, 9 (4) are enriched for protective class HLA haplotypes, 6, 10 and/or (5) harbor HIV virions with reduced fitness. 11 There is, however, no individual factor that appears to be common to all controllers.
Mucosal tissues including GALT undergo severe depletion of CD4 ϩ T cells during primary lentiviral infection. [12] [13] [14] Even with viral loads suppressed by highly active antiretroviral therapy (HAART), CD4 ϩ T cells are restored only slowly 15 and often incompletely, 16 and low-level HIV production can persist for years. 17, 18 Hence, the immune responses against HIV in the intestinal mucosal tissues could be a crucial determinant of disease progression, both at the time of acute infection and after the initiation of HAART. If so, characterizing the cellular and molecular features of the intestinal mucosa response in HIV controllers may provide insight into mechanisms of protection, pathogenesis, and treatment. Because comprehensive analysis of mucosal T-cell function of HIV subjects is logistically difficult, it would also be useful if accurate surrogate markers of such responses could be measured in the peripheral blood. The relationship between responses that can be observed in the peripheral blood and in the mucosal tissues of such patients, however, remains unclear.
To better characterize the relationship between immune responses to HIV infection in the context of nonprogressive versus progressive disease, we analyzed multiple immune parameters in paired peripheral blood and rectosigmoid biopsy samples as well as whole genome expression profiles of rectosigmoid biopsy samples from controllers and noncontrollers. Whereas transcriptional profiling has been conducted on GALT tissue from long-term nonprogressors 19 and flow cytometric studies have been conducted on controllers, 6 this is the first time that gene expression patterns have been correlated with immune parameters in peripheral blood and in GALT of controllers and noncontrollers. By reducing the dimensions of our flow cytometry data through principal component analysis (PCA), 20 we were able to associate immune parameters with specific molecular markers that distinguish these 2 groups of subjects. This is an approach that could be applied to other disease conditions where correlating complex cellular and molecular signatures of immunity may provide new insights in the mechanisms of pathogenesis.
Methods

Research subjects
Peripheral blood mononuclear cells (PBMCs) and rectosigmoid biopsies were obtained from HIV-infected adults enrolled in the University of California, San Francisco Study on the Consequences of the Protease Inhibitor Era (SCOPE) cohort, 21 an ongoing prospective cohort study aimed at investigating the long-term clinical and immunologic consequences of treated and untreated HIV disease. Twenty participants from the SCOPE cohort were selected in 2 well-defined groups of "controllers" (n ϭ 9) and "noncontrollers" (n ϭ 11; Table 1 ). Controllers are defined as untreated persons with undetectable plasma HIV RNA levels (Ͻ 75 copies/mL; n ϭ 4, "elite controllers") or with very low but detectable plasma HIV RNA levels (Ͻ 2000 copies/mL; n ϭ 5, "viremic controllers"). In this group, median age was 47 years (range, 42-54 years); median CD4 ϩ T-cell counts, 701 cells/L (range, 518-1507 cells/L); median plasma viral load, 77 RNA copies/mL (range, Ͻ 50 to 1957 RNA copies/mL). Noncontrollers are defined as untreated persons with plasma HIV RNA levels of more than 10 000 copies/mL and CD4 ϩ T-cell count of 200 cells/L or more. In this group, median age was 42 years (range, 36-59 years); median CD4 ϩ T-cell counts, 253 cells/L (range, 196-673 cells/L); median plasma viral load, 24 734 copies RNA/mL (range, 15 534-91 199 copies RNA/mL; Table 1 ). This study was approved by the University of California at San Francisco (UCSF) Committee on Human Research and all subjects gave written informed consent in accordance with the Declaration of Helsinki.
Tissue collection and processing
All HIV-infected participants except one (1139) provided a 20-mL blood draw for purification of PBMCs. All HIV-infected participants underwent flexible sigmoidoscopy. The sigmoidoscope was advanced to the rectosigmoid region, and 30 mucosal biopsies were obtained in a circumferential fashion at approximately 15 to 20 cm from the anal verge. Focal areas with visible evidence of inflammation were avoided. For each participant, 4 biopsy pieces were placed in RNAlater (Ambion) for RNA extraction, and 20 biopsy specimens were placed in R-10 medium and transported within 2 hours to the laboratory for immediate processing. A suspension of mucosal cells from rectosigmoid biopsies was obtained after 2 successive 0.25-mg/mL collagenase type II treatments (Sigma-Aldrich), as previously described. 22 
Measurement of cellular parameters by flow cytometry
Panels of antibodies used for definition of phenotype, intracellular cytokine responses, and proliferation are described in supplemental Table 1 , available on the Blood website; see the Supplemental Materials link at the top of the online article. Intracellular cytokine responses were performed in vitro after stimulation for 8 to 12 hours in the presence of media (mock), Staphylococcus aureus enterotoxin B (SEB, 1 g/mL), phorbol myristyl acetate (PMA, 10 ng/mL), and ionomycin (1 g/mL), or 15-mer overlapping peptide pools from HIV Gag, Env, and Nef (at 2 g/mL) and from cytomegalovirus (CMV) IE-1 and pp65 (at 0.5 g/ mL), or heat-killed Candida albicans (10 5 For personal use only. on January 8, 2018 . by guest www.bloodjournal.org From rectosigmoid biopsies are reported as background-subtracted values from the unstimulated cell population from each patient and for each stimulus. Fluorescence-activated cell sorting analysis was performed on a 4-laser BD LSR-II flow cytometer (BD Biosciences). Data were analyzed using FlowJo software Version 6-8 (Treestar), and then transferred into analysis and graphic software including Excel (Windows; Microsoft), StatView (Abacus Concepts), SPICE (NIH), and/or Graphpad Prism4 (GraphPad Software).
Expression profiling of rectosigmoid biopsy samples
Total RNA was extracted from the rectosigmoid biopsies using the TRIzol Reagent (Invitrogen) and the Purelink RNA purification system (Invitrogen), and then amplified for microarray analysis using the Amino Allyl MessageAmp II aRNA Amplification Kit (Ambion). An RNA reference consisting of an equal quantity of amplified RNA from the colon of an uninfected healthy person (obtained during surgery) was labeled with cyanin 3 dye and hybridized against the cyanin 5-labeled experimental samples on Human Exonic Evidence-Based Oligonucleotide (HEEBO, http://www.microarray.org/sfgf/heebo.do; Invitrogen) microarrays printed in-house at the UCSF Center for Advanced Technologies. Arrays were scanned using a GenePix 4000B scanner and GenePix PRO Version 4.1 (Axon Instruments/Molecular Devices). The Spotreader program (Niles Scientific) was used for array gridding and image analysis. The resulting files were uploaded to Acuity Version 4.0 (Molecular Devices), where the raw data were log transformed and filtered for retention of spots that were of high quality and for removal of nonhuman control spots. All microarray data can be found at the Gene Expression Omnibus (GEO) database under accession number GSE20075. 23 
Multiparameter data analysis
Using the program Cluster (http://rana.lbl.gov/EisenSoftware.htm), cellular parameters and cytokine patterns measured by flow cytometry were organized using a hierarchic clustering algorithm based on Pearson correlative metric, with average linkage clustering. The values for these parameters were median-centered and normalized before average linkage clustering analysis for the parameters and persons. The results were then visualized using the program Treeview (http://rana.lbl.gov/ EisenSoftware.htm). PCA was performed on the cellular parameters using the program Cluster to generate eigenvalues, and the resulting datasets were further compiled and plotted on Excel. The filtered expression profiling data (microarray spots with data in at least 80% of For personal use only. on January 8, 2018. by guest www.bloodjournal.org From the arrays) from the HEEBO arrays underwent unsupervised hierarchic clustering analysis and were then visualized using Treeview. Filtered datasets were also analyzed for statistically significant genes using the Significance Analysis of Microarrays (SAM) software Version 2.23A (http://www-stat.stanford.edu/ϳtibs/SAM/). Using SAM, quantitative regression analysis with PC1 eigenvalues or pairwise comparisons was performed between HIV controllers and noncontrollers. SAM was used separately with a false discovery rate (FDR) cutoff of 0% and less than 5%. Gene ontology and pathway analyses were performed using Protein Analysis Through Evolutionary Relationships (PANTHER; http:// www.pantherdb.org/). 24 Gene lists were input into PANTHER along with a background gene list representing all of the genes present in the human genome. For real-time polymerase chain reaction (PCR) analysis, 1 g of RNA from each sample was reverse transcribed and the resulting cDNA was used in quantitative real-time PCR reactions, with SYBR green labeling using primers designed in-house that span introns 
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Results
Identification of immunologic parameters and transcriptional profiles from the peripheral blood and rectosigmoid mucosal biopsies of controllers and noncontrollers
A comprehensive analysis of immunologic parameters was performed using polychromatic flow cytometry on cells from the peripheral blood and from rectosigmoid biopsy tissue of 9 controllers and 11 noncontrollers ( Table 1 ). The flow cytometry panels used for this analysis are shown in supplemental Table 1 , and representative gating strategies are presented in Figure 1 . Gating on live CD3 ϩ CD4 ϩ and CD3 ϩ CD8 ϩ T cells from both peripheral blood and rectosigmoid biopsy tissue ( Figure 1A ), 36 independent parameters were measured, including CD3 ϩ CD4 ϩ and CD3 ϩ CD8 ϩ T-cell immune activation markers (Ki67 ϩ and/or CD38 ϩ ; Figure  1B Figure 1E ).
Data analysis techniques typically used for the characterization of gene expression profiles were applied to this complex set of immunologic parameters. To understand the relationship between the distinct immunologic parameters and the control of HIV replication, unsupervised hierarchic clustering analysis (with Pearson correlations) was performed comparing the median-centered, normalized parameters across all controllers and noncontrollers ( Figure 2 ). With the exception of subject 1292 (a documented controller for approximately 30 months before losing viral control), this analysis segregated the HIV controllers and noncontrollers into 2 distinct groups based on their immune and clinical parameters (Figure 2A ). High expression of immune activation markers (Ki67 and CD38) on CD4 ϩ and CD8 ϩ T cells from peripheral blood (PB CD4 ϩ Ki67 ϩ and PB CD38 ϩ CD8 ϩ ) and from rectosigmoid biopsies (RB CD4 ϩ Ki67 ϩ and RB CD38 ϩ CD8 ϩ ) clustered together with viral load ("VL num"), underscoring the known strong association between viral replication and T-cell immune activation. 1, 25, 26 Viral load was closely related to the frequency of FoxP3 ϩ Tregs, both in the rectosigmoid biopsies (Spearman ϭ 0.6340, P ϭ .003) For personal use only. on January 8, 2018. by guest www.bloodjournal.org From as well as in peripheral blood (Spearman ϭ 0.6544, P ϭ .002). The strong positive relationship between the frequency of Tregs and the frequency of activated T cells suggests that Tregs can be viewed as yet another sign of generalized immune activation.
The peripheral CD4 ϩ T-cell count was most consistently related to the frequency of cytokine-producing CD4 ϩ T cells in rectal biopsy tissue, including those producing IFN␥ ϩ (Th1), IL-17 ϩ (Th17), IL-2 ϩ , and TNF␣ ϩ ("RB PI CD4 IFN␥ ϩ ," "RB PI CD4 IL-17 ϩ ," etc; Figure 2A ). In contrast, the peripheral CD4 ϩ T-cell count did not show any consistent association with the frequency of cytokine-producing CD4 ϩ T cells in the peripheral blood. This finding suggests that the frequency of effector CD4 ϩ T cells in GALT is a better reflection of CD4 counts during HIV infection than is the frequency of effector CD4 ϩ T cells in the peripheral blood. These results also show that, although HIV controllers have lower frequencies of Tregs in GALT, they have higher frequencies of effector CD4 ϩ T cells in this tissue.
We also noted that the frequencies of effector CD4 ϩ T cells from rectal biopsies (as defined by IFN␥ production ["PB HIV IFN␥ CD4 ϩ and CD8 ϩ "[) clustered with HIV antigen-specific CD4 ϩ and CD8 ϩ T-cell responses in peripheral blood, and that both of these were associated with high peripheral CD4 ϩ T-cell counts. These data support and extend prior observations 1,5,26,27 that stronger systemic (ie, peripheral blood) responses against HIV are positively associated with good outcomes, including high CD4 ϩ T-cell numbers and the preservation of cytokine-producing CD4 ϩ T cells in the mucosa. Because viral loads and CD4 ϩ T-cell counts are used to define the patient groups, we repeated the clustering analysis without these parameters and found that the controllers and noncontrollers still segregated into 2 distinct groups (with the exception of subject 1292) based on their immunologic parameters alone (data not shown).
Because it is more difficult to analyze immune responses in the GALT than in the peripheral blood, it would be useful to identify peripheral blood responses that could serve as reliable surrogate markers of mucosal responses. To this end, a strong relationship was observed between markers of immune activation in the peripheral blood relative to those measured in rectosigmoid biopsy samples, including the percentage of CD4 ϩ FoxP3 ϩ Tregs as well as the fractions of CD8 ϩ CD38 ϩ and of CD8 ϩ Ki67 ϩ T cells (Figure For personal use only. on January 8, 2018. by guest www.bloodjournal.org From 2B). By contrast, cytokine-producing CD4 ϩ T cells in rectosigmoid biopsies and in peripheral blood did not cluster together ( Figure  2A ). These results indicate that some but not all parameters measured in peripheral blood will be reflective of (and might serve as surrogates for) analogous parameters found in rectosigmoid biopsy tissue.
Transcriptional profiling of rectosigmoid biopsies
To determine whether transcriptional profiling can distinguish the mucosal responses of controllers and noncontrollers, we analyzed gene expression patterns from rectosigmoid biopsy samples of the 20 persons on the whole genome HEEBO oligonucleotide array platform. Using "unsupervised" hierarchic clustering, the expression levels of 9324 individual spots (representing 7349 genes) present in more than 80% of the arrays for further analysis segregated the 20 samples into 2 main clusters, each of which was composed of a mixture of controller and noncontroller samples. Hence, the mucosal immune responses of controllers and noncontrollers could not be separated simply on the basis of expression patterns alone.
To add another layer of dimensionality to this dataset, we next correlated immune parameters (as detected by flow cytometry) with the gene expression patterns. To reduce the complexity of the 36 available immunologic parameters, we performed PCA, an approach toward large datasets that can help explain the variance in the data by reducing the number of dimensions, thereby revealing the internal structure of the data. 20 The variance of the principal components when PCA is applied to all 36 parameters is shown in Figure 3A . The first 2 components, PC1 and PC2, retain 27.4% of the original variance. When data from the 20 individual samples were projected onto these 2 components (Figure 3B ), controllers and noncontrollers could be separated along the axis defined by PC1 but not by PC2. This indicates that PC1 can explain an important part of the variance that separates controllers from noncontrollers. Consistent with the unsupervised hierarchic clustering analysis, factors loading on PC1 from the PCA analysis were found to have a positive relationship with immune parameters associated with immune activation and with the level of viremia, and a negative association with CD4 ϩ T-cell counts and the number of cytokine-producing effector CD4 ϩ T cells in rectosigmoid biopsies ( Figure 3C ).
Quantitative regression analysis using the Significance Analysis of Microarrays (SAM) was performed to identify genes that have expression patterns significantly correlated with the eigenvalues calculated from the first component of the PCA analysis (PC1). A total of 99 genes were significantly correlated with the eigenvalues from first major component of the PCA analysis at an FDR of 0% (Table 2 and Figure 4B ), whereas 535 genes were correlated with an FDR of less than 5% ( Figure 4C and supplemental Table 2 ). Thus, by reducing the dimensions of the 36 parameters into principal components, the first major principal component could be effectively correlated with expression patterns from the transcriptional profiling analysis. When, however, regression analysis was conducted with individual parameters alone (eg, CD4 ϩ T-cell counts or viral load), many fewer significant genes were identified (data not shown). Quantitative regression analysis of the second and third components of the PCA analysis with the transcriptional profiling dataset also did not reveal any significant hits (data not shown). This analysis indicates that the parameters that contribute toward the variance explained by the first major component (PC1; Figure 3C ) represent the primary drivers of important differences in gene expression patterns in the rectosigmoid biopsies of these infected persons.
When data from the 20 HIV-infected persons were reclustered using unsupervised hierarchic clustering of the gene expression values of only these 99 or 535 genes ( Figure 4B-C) , the controllers and the noncontrollers (with the exception of 1292 and 1094) were found to segregate quite accurately into 2 main groups. Many of the notable genes on this list (Table 2 ) are related to IFN signaling and antiviral responses (eg, IRF3, STAT1, OAS2, IFI44, and IFIT3). 28 Two members of the HERC family of ubiquitin ligases (HERC5 and HERC6) were also included, which is particularly interesting because HERC5 conjugates ISG15 to proteins in a process known as ISGylation. 29 ISG15 is an IFN-inducible, ubiquitin-like protein that has 2 ubiquitin-like domains and a wide range of target proteins. 28 Notably, ISG15 could be involved in IFN-mediated inhibition of viral budding and release. 30 "Supervised" 2-way comparisons using SAM were then conducted to identify genes that are differentially expressed between controllers and noncontrollers. The 2 groups were distinguishable by 33 genes at a false discovery rate (FDR) of 0% and 387 genes at an FDR rate of less than 5% ( Figure 5A ). As expected, when the 20 samples were reclustered using either of these 33 or 387 genes, the controllers and noncontrollers segregated perfectly into 2 distinct subgroups ( Figure 5B ). Many of the more notable transcripts from these lists (supplemental Figure 1 ) are also associated with interferon signaling and antiviral responses (eg, STAT1, OAS1, OASL, IFI27, ISG20, and IFI30). Interestingly, APOBEC3G, IDO, RIGI (or RARRES3), TAP1, CCL4, CCL5, and CCL19 were also down-regulated in the controllers (supplemental Figure 1) . The reduced expression of IDO in the controllers is of particular interest because this gene is also down-regulated in the nonpathogenic model of simian immunodeficiency virus infection of African green monkeys, relative to the pathogenic model of pigtailed macaques. 31, 32 We then compared the lists of genes that were identified using 2-way supervised comparison with unsupervised correlations with PC1, and found that the distinct analysis strategies identified different sets of genes. Thus, Figure 6A shows a Venn diagram representing the overlap between these different types of analysis. At the FDR of 0%, 17 genes (including STAT1, IRF9, PARP9, MX1, OAS2, and OASL) were found in common by 2-way comparison and by quantitative analysis with PC1, whereas 13 genes (including APOBEC3G, IFI27, and RARRES3) were identified by 2-way comparison alone and 82 genes (including CXCL10, CCL3L3, and RAB31) were identified by quantitative analysis alone. However, whereas all of 13 genes identified by 2-way comparison at an FDR of 0% were included among the 535 genes identified by quantitative analysis at an FDR of 5%, there were 22 genes identified by quantitative analysis at an FDR of 0% that were not among the 350 genes identified by 2-way comparison at an FDR of 5%. This shows that the use of several strategies of identifying candidate transcriptional markers may provide a more complete picture of the observed responses than a 2-way based supervised comparison alone. In total, we identified 608 genes of significant interest in this study (supplemental Table 2 ).
To better understand the function of the identified genes, gene ontology analysis was conducted to identify associated biologic pathways ( Figure 6B) . Of the 608 genes, 127 were involved in the "immunity and defense" category (enrichment P ϭ 1.38 ϫ 10 Ϫ39 ), 36 genes in "T-cell mediated immunity" (P ϭ 1.87 ϫ 10 Ϫ18 ), 18 genes in "interferon-mediated immunity" (P ϭ 7.01 ϫ 10 Ϫ12 ), 54 genes in "proteolysis" (P ϭ 1.53 ϫ 10 Ϫ6 ), 17 genes in "cytokine/ chemokine mediated immunity," 10 genes in "MHCII-mediated immunity," 12 genes in "NK-cell mediated immunity," 7 genes in "MHCI-mediated immunity," and 10 genes in "B-cell and antibody mediated immunity." This analysis indicates that the differential expression of genes involved in inflammation and in immunity is a major distinguishing factor between the intestinal mucosa of controllers and the noncontrollers and is also the major correlate with our flow cytometry parameters. Notably, all of these genes were more highly expressed in noncontrollers than in controllers.
Verification of gene expression by real-time PCR analysis
Real-time PCR analysis was used to independently confirm the differential expression of some of the more interesting transcripts that distinguish HIV controllers from noncontrollers ( Figure 7) . Of the 18 genes selected for real-time PCR analysis, 14 had a P value less than .05 (and 12 of these are shown in Figure 7 ). Type I IFN signaling induces formation of a heterotrimeric transcription complex that contains STAT1, STAT2, and IRF9. We confirmed that all 3 genes were significantly up-regulated in the rectosigmoid biopsies of HIV noncontrollers. Expression levels of these genes were found to be strongly associated with reduced CD4 ϩ T-cell counts, increased viral loads, and higher levels of immune activation (as shown for IRF9 and STAT2 in Figure 8) . Several antiviral or antimicrobial mechanisms are up-regulated in the HIV noncontrollers relative to the controllers (Figure 7) . These include For personal use only. on January 8, 2018. by guest www.bloodjournal.org From APOBEC3G (also shown in Figure 8 to be associated with CD4 counts, viral loads, and immune activation), a cytidine deaminase that can degrade HIV DNA when it becomes packaged into HIV virions [33] [34] [35] ; MX1, an antiviral GTPase that can trap viral nucleocapsidlike structures by altering regular vesicle trafficking 36 ; the OAS genes (OAS1 and OAS2) that encode enzymes contributing to innate responses that result in the degradation of viral RNA and the inhibition of viral replication 28, 37 ; CCL5 (or RANTES), 38 an antagonist of the CCR5 coreceptor for HIV 39 ; SP110, a nuclear body protein 40 that has been associated with resistance and susceptibility to Mycobacterium tuberculosis infection in mice 41 and humans 42 ; and IFI44, an IFN␣/␤-induced microtubular aggregate protein associated with hepatitis C virus infection of chimpanzees. 43, 44 Increased expression of LMP2 was also confirmed in noncontrollers (Figure 7) , suggesting increased antigen processing. LMP2 is a component of an IFN␥-induced proteasome that could favor the production of peptides that preferentially bind major histocompatibility complex (MHC) class I molecules. 45 Although not confirmed by real-time PCR, TAP1 was also up-regulated in the noncontrollers in the array analysis. Surprisingly, although having a more potent granzyme B-mediated cytolytic CD8 ϩ T-cell activity against HIV-infected CD4 ϩ T cells is thought to be a feature of viral controllers, 8 expression levels of granzyme K were significantly higher in the noncontrollers. In aggregate, these results suggest that, even though HIV-specific CTL activity may be enhanced in viral controllers, 8 the mucosal microenvironment of noncontrollers displays broad activation of host antiviral mechanisms.
Discussion
This study presents a novel strategy for direct comparison of immunologic parameters in GALT and peripheral blood with whole genome transcriptional profiling data from rectosigmoid biopsy tissue in well-characterized cohorts of HIV-infected controllers and noncontrollers. The most notable observation pertaining to the immunologic measurements was a consistent association between markers of immune activation in the peripheral blood and the expression of IFN-related genes in the rectal mucosa. We also found a strong relationship between some markers in the peripheral blood and paired rectosigmoid biopsy samples from the same persons (eg, immune activation and Tregs were positively associated in both peripheral blood and mucosal samples). In the case of transcriptional profile analysis, there was a diminished IFN-related Figure 7 . Verification of gene expression by real-time PCR analysis of rectosigmoid biopsy samples. Transcript levels of selected genes were measured in controllers (C) and noncontrollers (NC) and normalized to ␤-actin transcript levels. Horizontal bars indicate median expression levels. Statistical significance between groups was determined by 2-tailed Mann-Whitney test. *P Ͻ .05; **P Ͻ .01;***P Ͻ .001.
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BLOOD, 15 APRIL 2010 ⅐ VOLUME 115, NUMBER 15 For personal use only. on January 8, 2018. by guest www.bloodjournal.org From inflammatory response in the intestinal mucosa of HIV controllers relative to that found in HIV noncontrollers, although no transcripts were found to be more highly expressed in the HIV controllers relative to the noncontrollers. Although it is not possible to determine whether an increased IFN response causes disease progression or is simply the result of increased viral replication, these results are consistent with the hypothesis that a reduced IFN-mediated inflammatory response in HIV controllers enables preservation of functional CD4 ϩ T cells and/or other host mechanisms of viral control. Alternatively, heightened IFN-mediated inflammatory responses may be caused by higher levels of viral replication in the mucosal tissues of the noncontrollers.
Although previous studies have closely examined CD8 ϩ T-cell responses in the rectal mucosa of HIV controllers, the CD4 ϩ T-cell response is less well understood. Among the HIV controllers studied here, the presence of mucosal CD4 ϩ helper T cells capable of producing cytokines such as IL-2, IFN␥, TNF␣, and IL-17 was strongly associated with controller status, whereas the presence of peripheral blood cytokine responses by CD4 ϩ T cells was not correlated with protection. It is not clear whether these are HIV-specific T cells or whether this observation simply reflects an accelerated depletion of functional CD4 ϩ T cells in the mucosal tissue of noncontrollers. It is also unclear whether these cytokineproducing CD4 ϩ T cells may have any role in the protection of HIV controllers, although the presence of more functional CD4 ϩ helper T cells in the mucosa of HIV controllers would predictably sustain the quality and frequency of CD8 ϩ T cells against HIV and/or other mucosal pathogens.
One limitation of our study is that only 2 groups of HIV-infected persons (controllers and noncontrollers) were characterized. Although all of the transcripts that we identified were up-regulated in noncontrollers relative to controllers, it is not possible to state that HIV controllers have mucosal profiles that are similar to those found in uninfected seronegative persons. In a smaller expression profiling study of GALT tissue, long-term nonprogressors had higher expression levels of many immune response genes, although the levels of expression of these genes were even greater in the noncontrollers. 19 It is possible that the controllers in our study have higher expression levels of immune response genes relative to HIV-negative healthy persons, but the levels are still relatively low with respect to the noncontrollers. Finally, it will be of interest to characterize the same set of parameters in HAART-suppressed patients who have undetectable viral loads as a result of drugmediated viral suppression as opposed to natural resistance. Studies to analyze the immunologic and transcriptional parameters in these additional groups of patients are now ongoing.
In summary, this analysis confirms the observation that HIV disease progression is associated with immunologic and transcriptional signs of increased immune activation and inflammation. 6, 19, 25 Our analysis has validated some parameters of such activation that are concordant between the peripheral blood and rectosigmoid biopsy tissue. Using several forms of analysis, we have also For personal use only. on January 8, 2018. by guest www.bloodjournal.org From delineated transcripts in the rectosigmoid biopsy tissue of noncontrollers that are highly related to disease progression. The complete dataset should be valuable to the research community because it provides a detailed characterization of mucosal tissues from HIV controllers. In addition, we anticipate that the approach of relating genomic signatures to a complex set of immune parameters by PCA will be applicable to the evaluation of cellular and molecular signatures of viral control, disease progression, and vaccine protection in studies that include even more complex datasets. Further studies will be aimed at understanding whether the patterns of inflammation distinguishing HIV controllers from noncontrollers are induced by disease progression or if, alternatively, they underlie mechanisms that may drive disease progression.
